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We present new quasi-elastic neutron scattering experiments and simulation analysis for studying the hydration
water dynamics ofN-acetyl-leucine-methylamide (NALMA) solutions as a function of concentration and
temperature. The experiments show non-Arrhenius translational dynamics over the temperature range of-3
to +37 °C for all concentrations, and fits to the experimental intermediate scattering function show
nonexponential relaxation dynamics. While the lower-concentration NALMA solution could be classified as
an intermediate to strong liquid, the higher concentration is legitimately defined as a fragile liquid, and the
hydration dynamics of the most concentrated solution exhibits very good correspondence with the same
signatures of non-Arrhenius behavior and nonexponential dynamics as that observed for supercooled water
well below -20 °C. The corresponding molecular dynamics simulation analysis of the high concentration
data using the SPC water model, a common companion water model used in protein simulations, is severely
limited in application to the dynamics of this system because of the very low temperature of maximum density
of the SPC water model. However, the simulations are informative in the sense that nonexponential relaxation
is still evident at the effectively higher temperatures, which indicates that the underlying potential energy
surface is very rough at high concentrations, although the sampling is still sufficiently ergodic so that Arrhenius
behavior is observed. We provide discussion in regards to the mutually beneficial connection between
supercooled liquids and glasses and its biological importance for protein-water systems.

Introduction

The observation that water dynamics near protein surfaces
shows nonexponential thermal relaxation processes1 has led to
active exploration in two intimately related areas: whether
protein-water systems bear sufficient analogy and, therefore,
are informative about the nature of glass formers2,3 and what
the biological implications are if such a relationship existed
between the two systems.1,4 Our own exploration of the area
has focused on understanding the hydration environment of
proteins through the study of individual blocked amino acids
as a function of their concentration in water.4-7 This invokes
the zeroth-order concept that polymers can be modeled by
increasing the effective local concentration of monomers, giving
rise to a situation resembling a much denser liquid of monomers
in the local vicinity of the chain as it collapses, which defines
a model experimental system that can address the role of water
in the folding of proteins6 or hydration dynamics and protein
function.4

In previous work we focused on the structural organization
of dilute to very high concentration solutions of a prototypical
hydrophobic amino acid,N-acetyl-leucine-methylamide (NAL-
MA), using neutron7 and X-ray scattering experiments5 and
molecular dynamics (MD) simulations.6 Those combined studies
found that, throughout the full concentration range of 0.5-2.0

M studied, water stabilizes monodispersed and small clusters
of amino acids, as opposed to more complete segregation of
the hydrophobic monomers into a sequestered core. These results
are consistent with a requirement of overcoming a desolvation
barrier to reach the native state. In fact this is a mechanism
that has been observed in a number of MD protein folding
simulations, including the refolding of a beta-hairpin fragment
of protein G8 and all-atom folding simulations of protein G and
src-SH3.9-11

Recently we have turned to the study of the hydration
dynamics of the NALMA-water system as a function of
concentration.4 We reported quasi-elastic neutron scattering
(QENS) experiments and accompanying interpretation and
analysis using MD, to probe the evolution of water dynamics
at room temperature from dilute to very high concentration
solutions of NALMA in water, for both the completely
deuterated and completely hydrogenated leucine monomer.4 The
NALMA -water system and the QENS data together provide a
unique study for characterizing the dynamics of different
hydration layers near a prototypical hydrophobic side chain and
the backbone to which it is attached. The 2.0 M data are
interesting in particular because we know from our structural
studies that the solutions organize so that only one water layer
separates NALMA solutes; that is, it unambiguously measures
the dynamics of a single hydration layer directly. It is important
to note that ∼50-60% of a folded protein’s surface is
hydrophobic,12 which makes this choice of amino acid an
important distinguishing feature of our study of protein-water
dynamics and connection to glass formers compared to previous
studies that studied purely hydrophilic polypeptides.3
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We observed several unexpected features in the dynamics of
these biological solutions under ambient conditions. The
NALMA dynamics shows evidence of de Gennes narrowing,
an indication of coherent long time scale structural relaxation
dynamics.4 The translational and rotational water dynamics at
the highest solute concentrations are found to be highly
suppressed as characterized by long residential time and slow
diffusion coefficients, corresponding to lightly supercooled water
at -10 °C.4 The analysis of the more dilute concentration
solutions determined that for outer layer hydration dynamics
the translational diffusion dynamics is still suppressed, although
the rotational relaxation time and residential time are converged
to bulk-water values. Finally, MD analysis of the first hydration
shell water dynamics shows spatially heterogeneous water
dynamics, as measured by residence times and orientational
correlations, with fast water motions near the hydrophobic side
chain and much slower water motions near the hydrophilic
backbone.4

These tantalizing initial results on unusual hydration and
solute dynamics of the room temperature solutions has led us
to now considering the temperature dependence of these model
biological systems to draw out more instructive information
about their connection to glassy dynamics, although we
emphasize that these new results are still somewhat preliminary.
Over the (limited) temperature range of the experiments, we
find that the 0.5 M solution shows a weakly non-Arrhenius
behavior in its water translational dynamics with temperature,
and the corresponding 2.0 M solutions are clearly super-
Arrhenius, while the rotational dynamics are found to be
Arrhenius within the larger experimental error bars for both
concentrations over the same temperature range. Furthermore,
the experimental intermediate scattering function, when fit to a
stretched exponential, shows strong deviations from exponential
dynamics that indicates that slow relaxation processes exhibiting
spatial heterogeneity are present. The corresponding MD
analysis qualitatively confirms some of these signatures of
nonexponential relaxation processes in the solutions, although
the SPC water model,23 commonly used in conjunction with
protein simulations, is much too crude to encourage us to explore
much further outside the experimental temperature range, and
we plan on better simulations using the recently introduced
TIP4P-EW model13 in future work. As is appropriate for this
Festschrift in honor of Frank Stillinger, we provide ample
speculation as to the importance of these results and what
questions we anticipate following up in near-future studies,
including inherent structure analysis of the underlying potential
energy surface.14,15

Materials and Methods

Experimental Procedure.The completely deuteratedN-acetyl-
(d3)-leucine(d10)-methylamide(d3) (molecular weight 202.25)
was purchased from CDN Isotopes, Canada. The solution
samples were obtained by dissolution of the completely deu-
terated amino acid powder in pure H2O at 2.0 M, and the 0.5
M low-concentration sample has been obtained by dilution of
the 2.0 M solution. To remove small aggregates from the
solution, the sample was centrifuged (10 min at 10 000g) before
measurement.

The QENS experiment was carried out at the NIST Center
for Neutron Research, using the disk chopper time-of-flight
spectrometer (DCS).16 To better separate the translational and
rotational components in the spectra, two sets of experiments
were performed using different incident neutron wavelengths
of 7.5 and 5.5 Å to give two different energy resolutions. The

DCS operating atλ ) 7.5 Å with an incident energy ofEinc )
1.45 meV gives a wave vector range of 0.15< Q < 1.57 Å-1

and an energy resolution of 35µeV at full width at half-
maximum (FWHM). At λ ) 5.5 Å andEinc ) 2.7 meV, the
wave vector range covers 0.20< Q < 2.15 Å-1 with a FWHM
of 81 µeV.

The sample containers were two concentric cylinders with
radii differing by 0.1 mm. The data collection lasted for about
8-12 h per sample, depending on the resolution, to facilitate
statistical analysis. All spectra were corrected for the contribu-
tion made by the sample holder. Detector efficiencies, energy
resolution, and normalization are measured with standard
vanadium. The resulting data were corrected and analyzed with
DAVE programs (http://www.ncnr.nist.gov/dave/). Water dy-
namics measurements were performed at-3, 4, and 37°C for
the 2 M solution and 4 and 37°C for the 0.5 M solution. We
analyze these new temperature points with previous QENS
measurements for both concentrations at 27°C.4

Experimental Analysis.The quasi-elastic neutron experiment
measures the incoherent differential cross section:

whereσinc is the total incoherent cross section,ki andks are the
wavevector of the incident and scattered neutron,Q is the
momentum transfer,ω is the frequency, andSinc(Q, ω) is the
incoherent dynamic structure factor. The analysis of the resulting
spectra relies on a fit to the incoherent dynamic structure factor
with several Lorentzian contributions convoluted with the
instrumental resolution. On the basis of those fits we were able
to further interpret the data using the following analytical models
traditionally applied to liquids.18,19

The first assumption is thatSinc(Q, ω) can be expressed as a
convolution of three different kinds of proton motion:18,19

where the exponential term is the Debye Waller factor, which
represents the vibration in the quasi-elastic region; the〈u2〉 term
is the mean square displacement. The second and third terms
are the translational and rotational incoherent dynamic structure
factors, respectively. The scattering law for translation is
described as

whereΓtrans is the half width at half-maximum of a Lorentzian
function. We have found that the Lorentzian for translation is
best fit to a random jump diffusion model, which considers the
residence timeτ0 for one site in a given network before jumping
to another site20

where the mean jump diffusion lengthL is defined in this model
as L ) (6Dtransτ0)1/2 and Dtrans is the translational diffusion
coefficient.

Water rotational relaxation has been described using the
diffusion model for hindered rotation on the surface of a
sphere.21 The rotational incoherent dynamic structure factor is

d2σ
dE dΩ

)
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4π
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NSinc(Q, ω) (1)

Sinc(Q, ω) ) e-1/3Q2〈u2〉Sinc
trans(Q, ω) X Sinc

rot(Q, ω) (2)

Sinc
trans(Q, ω) ) 1

π
Γtrans(Q)

ω2 + [Γtrans(Q)]2
(3)

Γtrans
J (Q) )

DtransQ
2

1 + DtransQ
2τ0

(4)

19886 J. Phys. Chem. B, Vol. 108, No. 51, 2004 Russo et al.



where jl(Q) is a spherical Bessel function of orderl; a is the
radius of the sphere; andDrot is the rotational diffusion
coefficient. Forl ) 1, which dominates the second term of eq
5, the half width at half-maximum isΓrot ) 2Drot, which
corresponds to a rotational characteristic time ofτrotation )
1/6Drot.

Theoretical Analysis. We used MD to simulate the same
experimental observables evaluated by the QENS experiments
for aqueous NALMA solutions at 2.0 M. The assisted model
building with energy refinement (AMBER) force field due to
Cornell et al.22 and the SPC water model23 were used for
modeling the NALMA solute and water, respectively. Five
separate MD simulations were carried out at-10, -5, 4, 25,
and 37°C in the NVT ensemble using velocity Verlet integration
and velocity rescaling, with a time step of 1.0 fs. Ewald sums
were used for calculation of the long-range Coulomb forces.
Rigid-body dynamics for the water solvent were integrated using
RATTLE.24 For the analysis of the water dynamics in the
NALMA aqueous solutions, we performed simulations of a
dispersed solute configuration consistent with our structural
analysis.6 At temperatures of 37, 25, and 4°C, the simulations
were equilibrated for 0.2 ns and statistics were gathered over
1.0 ns. For the-5 °C simulation we equilibrated for 0.3 ns and
collected statistics for 1.2 ns, and for-10 °C we equilibrated
for 0.4 ns and collected statistics for 1.3 ns.

We used the Einstein relation to derive the translational self-
diffusion coefficients from the mean square displacement of
water oxygens, and the rotational dynamics using the orienta-
tional autocorrelation function:

whereθ(t) measures the angle between the dipole vector of the
water molecule at timest and0 and the angle brackets denote
an ensemble average at a given temperature. We also evaluated
the self-intermediate scattering factor for hydrogens:

where the angular brackets denote an ensemble average at a
given temperature andRH(t) denotes the position of a given
water hydrogen at timet.

Experimental Results

Hydration Water Dynamics. The scattering profile of the
completely deuterated solute in H2O has been measured to
characterize the hydration water dynamics at various concentra-
tions and temperatures. The higher resolution experiment
primarily measures the slow translational dynamics, while the
lower resolution experiment contains information about both
rotational and translational water proton motion. The experi-
ments done at two different resolutions, in principle, permit us
to separately resolve the proton motion time scales for translation
and rotation and are discussed separately. We return to the
validity of this assumption later.

As we have already reported for the room-temperature data,4

the fit to the data generated at high resolution for-3, 4, and
37 °C, which probes the slower components of hydration

dynamics, all required two Lorentzians and a flat background.
The fit has been performed between(0.9 meV, and the
background component takes into account all movements that
are too fast to be detected at the defined resolution, such as
low energy vibrational modes. Figure 1 shows the fitted
incoherent scattering function for the 2 M data at 4°C atQ ∼
1.25 Å-1, which is typical of the quality of fit we obtained in
the experimental analysis. There is a broad Lorentzian which
describes faster movements that are tentatively identified as
rotational and, thus, will be analyzed simultaneously with the
low-resolution data. The narrow Lorentzian function is indicative
of translational motion, and on the basis of the dependence of
Γ(Q) with Q2, is best described with a jump diffusion model.

The resulting diffusion coefficient,Dtrans, and residential time
τ0 obtained at 2 M and 0.5 M concentrations as a function of
temperature are shown in Tables 1 and 2. Figure 2 plots the
temperature dependence of the translational diffusion coefficient
for pure liquid water,25 and the hydration water for the 0.5 and
2.0 M NALMA solutions. It is especially evident from the plot
that the 2.0 M data has a diffusion coefficient at-3 °C that
looks like that of supercooled water below-20 °C.

Figure 3 displays an Arrhenius plot of the translational
diffusion coefficient of hydration water for both concentrations;
the 0.5 M NALMA concentration is weakly non-Arrhenius over
the temperature range of 4-37°C, while the 2.0 M data is super-

Sinc
rot(Q, ω) ) j0

2(Qa) δ(ω) +

∑
l)1

(2l + 1) j l
2(Qa)

1

π

l(l + 1)Drot

ω2 + [l(l + 1)Drot]
2

(5)

P2(t) ) 〈0.5[3 cos2 θ(t) - 1]〉 (6)

FH
S(Q, t) ) 1

N
〈exp[+iQ‚RH(0)] exp[-iQ‚RH(t)]〉 (7)

Figure 1. Incoherent structure factor spectrum for 2.0 M NALMA
concentration in H2O, at 4°C, measured at 35µeV at Q ∼ 1.25 Å-1

(open symbols). The solid line is the total fit component resulting from
the convolution of the two Lorentzian functions and the flat background.
The Lorentzian fits to the spectra (dashed lines) show good separation
of widths and intensities and are typical of the quality of fit for all
spectra measured in this study. The residuals show that the quality of
fit is good in the energy range of the experiment.

TABLE 1: Experimental Values for Water Dynamics for 0.5
M NALMA as a Function of Temperature

temperature

4 °C 25°C 37°C
Dtrans(10-5 cm2/s; JDa) 0.9 1.65 2.0
τ0 (ps; JDa) 1.8 0.94 0.7
Dtrans(10-5 cm2/s; ISFb) 0.71 1.25 1.79
τrotation (ps; HRc) 1.68 1.0 0.9

a Translational diffusion coefficient,Dtrans, and the residence time,
τ0, of water based on the jump diffusion model.b Translational diffusion
coefficient, Dtrans, based on the analysis from the experimental
intermediate scattering function.c Rotational time scale for water,τrotation,
based on the Sears hindered rotation model.
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Arrhenius (strong curvature of the logarithmic plots versus
inverse temperature)26,27over the same temperature range. The
additional QENS experiment at-3 °C for the higher concentra-
tion confirms the super-Arrhenius character of the 2 M water
translational diffusion data, suggesting that the molecular
mechanism of the hydration dynamics changes abruptly between
25 and 4°C for the high NALMA concentration solution, with
activation barriers of∼3.0 and∼10.0 kcal/mol above and below
the transition temperature, respectively. The super-Arrhenius

dependence of the diffusion dynamics at 2 M is well-supported
by the small experimental error bars and would not change with
more temperature points. In regard to the 0.5 M data, the only
question is whether the dynamics will change from non-
Arrhenius to super-Arrhenius over a larger temperature range.

In the inset of the same figure we replot the 2.0 M hydration
water diffusion data and its deviation from Arrhenius behavior
using the Vogel-Fulcher-Tammann (VFT) equation

whereA, B, and T0 are three parameters with some physical
meaning in regard to true glass formers.2,26 Similar to what has
been observed for other fragile glass formers, the fit to the VFT
equation is excellent.

The data from the low-resolution runs, probing water
rotational motion, were analyzed by including the narrow
translational Lorentzian functions based on the high-resolution
experiment as known values and using eq 5. The best fit,
performed between(2 meV, has been obtained by including
two additional free Lorentzian functions (l ) 1, 2 of eq 5) and
a flat background. The resultingτrotation as a function of
temperature and concentration is given in Tables 1 and 2. When
plotted in an Arrhenius representation, the 0.5 and the 2 M
rotational data show a normal Arrhenius temperature dependence
(Figure 4). Given the limited temperature range of the experi-
mental data, a greater temperature range to confirm the
Arrhenius behavior is clearly required.

For bulk water and water in NALMA solutions, the fast
component of the rotational dynamics corresponds to librational
motion that can be related to the average hydrogen bond
lifetime,25,28 while the residential time of the jump diffusion
model is a direct measure of the time duration that is necessary
for a water molecule to break from its hydrogen-bonded
neighbors by rotational excitation.25,28At high temperature, when
most water molecules have weakened hydrogen bonds, the
residential time is largely equivalent to the time scale of
librational motion of the hydrogen-bond dynamics. At lower
temperatures (or higher NALMA concentrations) the time scales
for local librational motion are shorter than the measured
residence time scales because waters are caged by local
neighbors, requiring a cooperative motion to execute diffusion.
This caging effect is crudely captured by the jump diffusion

TABLE 2: Experimental and Simulation (in Parentheses)
Values for Water Dynamics for 2.0 M NALMA as a
Function of Temperature

temperature

-3 °C
(-5 °C) 4 °C 25°C 37°C

Dtrans(10-5 cm2/s; JDa) 0.22(1.2) 0.35(1.5) 0.75(2.2) 0.85(2.92)
τ0 (ps; JDa) 7.33 6.9 3.6 2.5
Dtrans(10-5 cm2/s; ISFb) 0.19 0.28 0.67 0.75
τrotation (ps; HRc) 2.7(4.4) 2.5 2.2(2.4) 1.9(1.8)

a Translational diffusion coefficient,Dtrans, and the residence time,
τ0, of water based on the jump diffusion model.b Translational diffusion
coefficient, Dtrans, based on the analysis from the experimental
intermediate scattering function.c Rotational time scale for water,τrotation,
based on the Sears hindered rotation model.

Figure 2. Values of the translational diffusion coefficient as a function
of temperature from QENS experiments and fits based on the jump
diffusion model for pure liquid water reported in ref 23 and as measured
here for 2 and 0.5 M NALMA solutions. The water diffusion coefficient
for the NALMA solutions shows a non-negligible suppression when
compared to the bulk water results at the same temperature value.

Figure 3. Arrhenius representation for the translational diffusion
coefficient for 2 and 0.5 M NALMA concentrations from experiment.
The inset shows the fit to the VFT equation for the 2 M diffusion
coefficient data. The critical temperature for the diffusionT0 is
∼245 K.

Figure 4. Arrhenius representation for the rotational relaxation time
for 2 and 0.5 M NALMA concentration from experiment. The straight
lines are the best fit to the Arrhenius expression in the investigated
temperature range, which gives activation energy values of∼3.0 and
∼1.5 kcal/mol for the low and high concentrations, respectively.

Dt ) A exp[- B
(T - T0)] (8)
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model through its average residence time scale parameterτ0

that represents deviations from normal Brownian diffusion.
To consider a complementary analysis of the NALMA

system, we analyze the experimental intermediate scattering
function for hydrogens,FH(Q, t), at 2.0 M. The intermediate
scattering function has been generated using the fast Fourier
transform option in the DAVE package; to avoid contribution
of the fast dynamics component (previously characterized as
librational/rotational movement) we subtracted out the first
5 ps of data and renormalizedFH(Q, t) at the new time origin
to unity. The Fourier transformedS(Q, ω) for all four temper-
atures atQ ∼ 1.25 Å-1 using the higher resolution QENS data
is shown in Figure 5a.

We then fit the long-time decay ofFH(Q, t) to a stretched
exponential form

where deviations fromâ ) 1 is a signature of a pronounced
slow down in dynamical processes with a characteristic relax-

ation time τ, which is believed to be related to spatial
heterogeneity in the dynamics.26,29,30In fact, the origin of the
nonexponential form is the reflection of anomalous diffusion
which is controlled by a local structural relaxation or “cage
effect” as described in mode coupling theory applied to
supercooled liquids.30-32 The dependence of 1/τ versusQ2 is
then proportional to the water diffusion coefficient in the limit
of Q f 0 and numerically evaluated from the slope forQ <
1.0 Å-1. As shown in Tables 1 and 2, we find good agreement
between the diffusion coefficient inferred from the stretched
exponential analysis and that from the jump diffusion model.

Figure 5b reports theQ dependence of the fittedâ-value
exponents as a function of temperature for 2.0 M. The qualitative
behavior of the temperature dependence of the exponentâ is
relatively flat (as also seen in refs 33 and 34) but deviates
significantly from 1, reaching values as low as 0.75 for the
lowest temperature studied. This further confirms the underlying
anomalous diffusion behavior that signals the fragility of the
water liquid in high concentration NALMA solutions.

In Figure 6 we plotτDtransQγ versusQ as a function of
temperature, whereτ is the relaxation time as defined in eq 9,
Dtransis the diffusion coefficient as extrapolated from 1/τ versus
Q2, and γ is a fitting parameter given the uncertainty in the
experimental data. We note that strictlyγ ) 2 so that
τDtransQ2 ) 1 for Q f 0 are descriptions of normal diffusion.
Given the finite range ofQ data (smallestQ ∼ 0.4 Å-1) from
experiment, this is only approximated withγ ∼ 2.5 at the
smallestQ values measured. Given the caveat of finiteQ data,
we measure deviations from 1 at highQ values for all the
temperatures investigated. We further observe thatτ follows a
power law inQ, 1/τ ∝ Qγ, where the exponentγ decreases
gradually to∼1.8 for Q > 1.0 Å-1, similar to what has been
observed earlier from MD simulations in supercooled water.35

The strong curvature as shown in Figure 6 suggests the presence
of an anomalous diffusion process over small length scales,
which in supercooled water has been attributed to the structural

Figure 5. (a) Self-intermediate scattering function from experiment.
For the 2 M solution atQ ) 1.25 Å-1 as a function of temperature
(symbols), along with the stretched exponential fit (line). (b) TheQ
dependence of the stretched exponential parameterâ from the fit to
the experimental intermediate scattering function in (a) as a function
of temperature. We show the error bar in regard to the fit for the room-
temperature data only, and similar error bars were found for the other
temperatures as well.

FH(Q, t) ) exp[-(t/τ)â] (9)

Figure 6. Plot of τDtransQγ versusQ as a function of temperature for
hydration dynamics for 2 M NALMA from the QENS experiment and
stretched exponential fits to the intermediate scattering function. We
note that strictlyγ ) 2 so thatτDtransQ2 ) 1 for Q f 0 are descriptions
of normal diffusion. Given the finite range ofQ data (smallestQ ∼
0.4 Å-1) from experiment, as well as experimental error, this is only
approximated withγ ∼ 2.5 at the smallestQ values measured. Given
that caveat, we measure positive deviations from 1 at highQ values
for all the temperatures investigated and a corresponding decrease of
γ to ∼1.8.
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relaxation of the cage of surrounding molecules that represent
a stable potential energy minimum surrounded by high barriers.31

Theoretical Results

Hydration Water Dynamics. We have performed MD
simulations for the NALMA solutions over the same limited
temperature range of the experiment for the 2.0 M solution, to
confirm that the trends in dynamic signatures exhibited by
experiment are matched by the theoretical results. We have
performed additional simulations at-10 °C to better character-
ize the dynamical signatures of this glassy system.

The simulatedFH(Q, t) can be used to estimate errors in the
assumption of a decoupling of translational and rotational
motions. In Figure 7a,b we plot the connected intermediate
scattering function,FCON(Q, t)

as a function ofQ and temperature, respectively. It is clear that
overall the decoupling approximation gives acceptable error,
except forQ vectors corresponding to near the maximum in
the scattering intensity where errors reach as high as 6-7%,
only slightly smaller than reported in ref 35 on pure supercooled
water.

In Table 2 we report the simulated translational diffusion
constant and the rotational time scaleτrot [obtained from the
stretched exponential fit toP2(t)] and present their temperature
dependence in Figure 8a,b. The SPC model shows spectacular
failure in exhibiting the requisite non-Arrhenius behavior of the
translational water motion, and by association the rotational
motion must be suspect as well. This is not surprising given
the fact that the temperature of maximum (TMD) density for
SPC water is-31°C, so that the effective simulated temperature

is much higher than that probed in the QENS experiments.
While it is commonly assumed that protein force fields are best
used with the simple water models, like SPC, against which

Figure 7. (a) Semilogarithmic plot of the connected intermediate
scattering function, for the 2 M solution, FCON(Q, t) versus t for
hydrogen atoms as a function ofQ. For nine integer multiples ofQ )
0.253 Å-1, the correlation function grows withQ. (b) Semilogarithmic
plot of the connected intermediate scattering function, for the 2 M
solution, FCON(Q, t) versus t for hydrogen atoms as a function of
temperature, forQ ) 1.77 Å-1.

Figure 8. (a) Arrhenius plot of the translational diffusion coefficient
from MD simulation for the 2 M solution. The solid line is a linear fit
to the simulation data, which is in conflict with experiment. (b)
Arrhenius plot of the rotation relaxation time obtained from the stretched
exponential fit toP2(t) for the 2 M solution. The solid line is again a
linear fit to the simulation data.

Figure 9. Self-intermediate scattering function, calculated from MD
simulation. (a) For the 2 M solution atT ) 268 K as a function ofQ
(symbols), along with the stretched exponential fit (line). (b) For the 2
M solution atQ ) 1.77 Å-1 as a function of temperature (symbols),
along with the stretched exponential fit (line).

FCON(Q, t) ) FH(Q, t) - FCM(Q, t) FROT(Q, t)
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they are parametrized, it is clear that their continued application
in protein water simulations is counterproductive, especially for
the study of dynamics.

Figure 9a,b plots the simulatedFH(Q, t) as a function ofQ
(at 268 K) and temperature (forQ ) 1.77 Å-1, near the
maximum of the O-O static structure factor), respectively.
Evidence of slow relaxation is evident in the simulated
FH(Q, t), when we fit it to a stretched exponential form using
eq 9. The same pronounced slow down in relaxation processes,
characterized by the exponentâ, shows both a clearQ
dependence (Figure 10a) and temperature dependence (Figure
10b).

In Figure 11 we plotτDtransQ2 versusQ as a function of
temperature, whereτ is the relaxation time as defined in eq 9.
We observe thatτDtransQ2 ) 1 at lowQ values, while significant
deviations from 1 are present at highQ values for all the
temperatures investigated. The observed deviation is in agree-
ment with the experimental translational diffusion data results
which show a deviation from the hydrodynamics regime at high
Q values. Simulation also gives a power law behavior inQ,
1/τ ∝ Qγ, where the exponentγ is 2 for systems executing
normal diffusion31,36,37 but which decreases gradually to 1.5
for Q > 1.0 Å-1, similar to that observed experimentally in
Figure 6.

Discussion and Conclusion

In this paper we have presented new QENS experiments and
simulation analysis for studying the hydration water dynamics
in hydrophobic amino acid monomer solutions as a function of
concentration and temperature. We have found from experiment
a non-Arrhenius water translational dynamics over the temper-
ature range of-3 to 37°C and related slow relaxation processes
that are clearly nonexponential. The experimental incoherent
structure factor data and its Fourier transform, the intermediate
scattering function, were analyzed with a jump diffusion model
and stretched exponential fits, respectively, and provided a
satisfying self-consistency of the derived translational diffusion
coefficients using the different data analysis procedures. While
the lower concentration solution could be classified as an
intermediate to strong liquid, the 2.0 M concentration is
legitimately defined as a fragile liquid. In fact the hydration
dynamics of these solutions over the limited temperature range
studied exhibit very good correspondence with the same
signatures of glassy behavior, non-Arrhenius behavior, and
nonexponential kinetics as that observed for supercooled water
below -20 °C.25

The corresponding MD simulation analysis of the 2.0 M data
using the SPC water model, a common companion water model
used in protein simulations, is severely limited in application
to the dynamics of this system because the effective simulation
temperature is much higher than that of the experiment because
the TMD of the SPC model is-31°C. However, the simulations
are informative in the sense that nonexponential relaxation is
still evident at the effectively higher temperatures, which
indicates that the underlying potential energy surface is very
rough at high concentration, although the sampling is still
sufficiently ergodic so that Arrhenius behavior is observed. In
regards to better quantitative agreement with experiment, more
careful simulations using the SPC model that are performed at
the correct density at 1 atm pressure would be desired, although
we suspect that the non-Arrhenius dynamics seen by experiment
would still not be reproduced after correction for the density.

Instead, we believe that a better water model that performs
well on neat water properties over a range of temperatures and
pressures is a better choice over poor water models that are
more explicitly parametrized with existing protein force fields.
We have recently contributed to the testing of a re-parametriza-
tion of the standard TIP4P water model for use with Ewald
techniques.13 The new model provides an overall global
improvement in water properties relative to several popular
nonpolarizable and polarizable water potentials, with a density
maximum at approximately 1°C, which reproduces experimen-
tal bulk densities and the enthalpy of vaporization,∆Hvap, from
-37.5 to 127°C at 1 atm with an absolute average error of
less than 1%.13 Structural properties are in very good agreement
with X-ray scattering experiments at temperatures between 0
and 77°C38 and dynamical properties such as the self-diffusion
coefficient are in excellent agreement with experiment. In near-
future work we will use the new TIP4P-EW water model in
conjunction with the standard AMBER94 protein force field to
pursue better quantitative agreement with QENS experiments
on these protein solutions. Should that comparison come out
favorably, we will also perform inherent structure analysis14,15,39-41

with these improved force fields to relate the glassy dynamics
we observe experimentally to features of the underlying
potential-energy landscape.

What have we learned about biological function in regards
to finding analogy in the dynamics with supercooled liquids
and glasses? The measured dynamics allow us to propose two

Figure 10. Stretched exponential parameterâ (a) as a function ofQ
and (b) as a function of temperature.

Figure 11. Plot of simulatedτDtransQ2 versusQ as a function of
temperature. The behavior is similar to that observed experimentally
in Figure 6 and as reported in other simulations of bulk supercooled
water.
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hypotheses concerning protein function. The first stems from
the observation that until a critical hydration level is reached
proteins do not function, and it is believed that this has to do
with the dynamics of protein surface water,42-44 although the
molecular mechanism is unknown. Below the critical hydration
level, as measured by 2.0 M water dynamics, we find that the
water translational and rotational dynamics are very slow. Some
hydration waters are tightly bound to the surface, especially near
hydrophilic regions, and their slow dynamics suggest a large
barrier to rearrangement with other waters. At sufficiently high
levels of hydration, as measured by the 0.5 M dynamics, we
find that the inner sphere water translational and rotational
dynamics are still slow (equivalent to 2.0 M) but that the barrier
to exchange with outer sphere waters is apparently lower, with
diffusion time scales between inner and outer sphere regions
approaching more bulk-like values. Therefore, we might view
the catalyzing effect of “sufficient” water on side chain
rearrangement on the protein surface (that is necessary for
protein folding or function) as arising from a second hydration
layer that lowers the barriers for water solvent rearrangement,
that is, restoration of the plasticity of the water network itself.

The second hypothesis concerns transport properties of small
molecules and metabolites into protein active sites. As a result
of the high density of molecules within the cell, there can on
average only be two to three hydration layers between proteins.45

Because we see spatially heterogeneous dynamics at all hydra-
tion levels we have examined, that is, water motions near the
hydrophobic side chain that are∼10 times faster than water
motions near the hydrophilic backbone, we propose that the
difference in water time scales near hydrophobic versus hydro-
philic regions might have functional importance in the crowded
cell or at a protein-protein interface. We would hypothesize
that hydrophilic and hydrophobic patterns on protein surfaces
should be analyzed for “water slip streams” into active sites,
with our results suggesting that one follow fast hydrophobic
tributaries, or for protein-protein molecular recognition events
involving arrested water motions to aid docking.4 It would seem
that water on this planet has played a highly influential, but
still largely hidden, role of exerting evolutionary pressure to
adapt amino acid sequences (and, therefore, protein folds) to
exploit its many anomalies for enhanced biological function, a
possibility that merits further and deeper investigation. There-
fore, the study of supercooled water and glass former dynamics
has an undeniably important connection to biological function
in our view.

What have we learned about the dynamics of glass formers
or supercooled liquids by studying these model biological
systems as a function of concentration and temperature? We
have learned with some reasonable certainty that the hydration
dynamics measured for a solution of highly concentrated
NALMA looks analogous to hydration dynamics measured for
the bulk deeply supercooled liquid, in particular for the
nonexponential relaxation metric ofâ which shows similar
trends withQ and temperature. Spatial heterogeneity in the water
dynamics in the two regions of the peptide is clearly evident in
our simulations4 and those reported elsewhere,48 and numerous
studies have reported on the distinct water structure features
near hydrophobic and hydrophilic groups. It is important to note
that, when water is presented with a purely hydrophobic or
hydrophilic solute of the same size, its dynamical time scales
are not that different in the two cases.46,47It is the heterogeneity
of the chemistry (hydrophobic side chain and hydrophilic
backbone) that enforces the heterogeneity in the water dynamics.

We might, therefore, speculate that the NALMA solutes
provide a template or description of different structural domains
with different dynamics that might exist in the bulk supercooled
liquid. In particular, the NALMA solutes set up a spatially
heterogeneous environment for its interactions with water, one
area that permits long-lived hydrogen bonding with the peptide
backbone that nucleates and stabilizes one type of water-
hydrogen-bonded network, while a different, and dynamically
less long-lived water-hydrogen-bonded water network arises
because of no direct hydrogen-bonding interactions with the
hydrophobic side chain. While the water-hydrogen-bonded
networks in these domains are dynamically and structurally
distinct, they are nonetheless incommensurate with each other
so that their close proximity (based on the high concentration
and structural organization of these solutions) would introduce
an anomaly in the water diffusion at the interface of these
domains, requiring a coordinated motion of a number of water
molecules to negotiate a mutually agreeable water network
interface between them. More work needs to be completed to
confirm the usefulness of such a hypothesis but provides the
type of speculative structural connections between water order-
ing near hydrophobic groups and dynamical processes occurring
in the supercooled water state that were initially inspired by
Stillinger in ref 17.
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